Nanofluidic devices have a broad range of applications resulting from the dominance of surface-fluid interactions. Examples include molecular gating, sample preconcentration, and sample injection. Manipulation of small fluid samples is ideal for micro total analysis systems or lab on chip devices which perform multiple unit operations on a single chip. In this paper, fabrication procedures for two different ultra-low aspect ratio (ULAR) channel network designs are presented. The ULAR provides increased throughput compared to higher aspect ratio features with the same critical dimensions. Channel network designs allow for integration between microscale and nanoscale fluidic networks. A modified calcium assisted glass-glass bonding procedure was developed to fabricate chemically uniform, all glass nanochannels. A polydimethylsiloxane (PDMS)-glass adhesive bonding procedure was also developed as adhesive bonding allows for more robust fabrication with lower sensitivity to surface defects. The fabrication schemes presented allow for a broad array of available parameters for facile selection of device fabrication techniques depending on desired applications for lab on chip devices.
Introduction
Nanofluidic devices have at least one critical dimension on the nanoscale (usually less than 100 nm) leading to a characteristic high surface area-to-volume ratio. This leads to dominance of surface-fluid interactions where transport is governed by surface charge and surface energy [1] [2] [3] [4] . The surface-fluid interactions enable a broad range of applications including water desalination [5, 6] , molecular gating [7, 8] , energy transfer [9, 10] , and deoxyribonucleic acid (DNA) elongation [11, 12] and sieving [13] among other applications [14] .
Nanofluidics requires nanofabrication techniques to allow for miniaturization of functional components or systems. Miniaturization to the nanoscale allows for integration of many components with various functionalities onto a single platform, which as a whole can be a microchip. Such devices are known as micro total analysis systems (l-TAS) or lab on a chip (LoC) [15] systems. l-TAS or LoC systems can perform sample pretreatment or preconcentration, analyte separation, analyte detection and data analysis among other functionalities or unit operations within a single device [14] . The ability to perform multiple unit operations requires fluid manipulation and precise flow control over increasingly smaller sample volumes reaching the atto-liter (10 À18 l) range [7] . Device designs need to allow for transfer of the fluid sample between different functional elements of the lab on a chip device and also allow for manipulation of the sample and fluid species within each functional component. Additionally, one of the desired features of LoC technology is real-time, rapid detection for quality performance, where high sample throughput may help decrease device operation time with potential benefits for high signal to noise ratios [16, 17] .
In this paper, fabrication of two different designs of ULAR, centimeter long, nanochannel networks with integration between microscale and nanoscale fluidic networks is reported. The ULAR allows for increased volumetric flow rate for a given critical dimension and fluid velocity compared to higher aspect ratio channels. The increased volumetric flow rate can be of particular interest in sensing applications where the interplay of diffusion, convection, and reaction time scales are of critical importance to detection limits, which in-turn are strongly influenced by critical dimension and fluid velocity [18] . Furthermore, ULAR channels can be modeled as ideal 1D systems allowing for computationally less challenging modeling of flow characteristics for various devices [19] .
Microfluidic and nanofluidic devices find many substrates for fabrication driven by competing interests of cost, fabrication complexity, and the need to achieve optimal performance for each application. However, most devices are typically fabricated using silicon due to well established fabrication techniques developed for the semiconductor industry; glass (soda lime and borosilicate or pyrex are most common) and fused silica for their chemical stability, electrical isolation and optical properties; polymers such as PDMS or polymethylmethacrylate for their biocompatibility and additional compatibility with specific fabrication techniques (i.e., soft lithography) or a combination of these materials [20] . In this paper, all results are reported for fabrication of ULAR nanochannel fluidic networks in borosilicate glass substrates. The nanochannel networks are sealed with either a glass cover or a glass cover with a PDMS adhesion layer.
Operational devices comprise pathways for fluid and species transport. Such pathways, channels, or fluid conduits are patterned through lithography with eventual pattern transfer to the physical substrate performed through wet or dry etching methods to generate the specific device layouts. While many forms of lithography are available for pattern transfer [20] , conventional UV lithography is a well-controlled, well established method for patterning features with micron scale widths, that does not require specialized equipment or significant time required for direct writing methods [21] . In order to enable nanochannel networks and repeatable fabrication of ULAR devices, achieving control with high degree of precision over channel dimensions that can be several mm to cm long has been a challenge [22, 23] .
Once fluidic networks have been created in the physical substrate, devices are sealed to obtain closed pathways. Most commonly used bonding techniques include anodic bonding for silicon-glass devices, fusion bonding for glass-glass devices, and adhesive or interfacial layer-based bonding techniques. Channels as small as 2 nm (aspect ratio of 0.001) have been fabricated using anodic bonding [24] while channels down to 5 nm (aspect ratio of 1) have been successfully sealed through fusion bonding [25] . In addition to fabrication challenges described above, nanochannels are also prone to collapse during the bonding process due to bowing of the channel surfaces under high voltages required for anodic bonding and re-flow of glass for high temperature fusion bonding. Channels are more prone to collapse as the aspect ratio decreases [26] leading to fluidic conduits that are blocked and do not allow transport. Both anodic bonding and thermal fusion bonding require highly controlled and clean environments to yield defect-free devices [20] .
Adhesive or interfacial layer-based bonding techniques have the advantage of a decreased dependence on the presence of surface contaminants and surface defects compared to anodic or fusion bonding due to the compliant nature of the interfacial layer used. However, the compliant nature of the adhesive materials limits the aspect ratio compared to glass-glass or glass-silicon devices. The lowest previously reported aspect ratio for glassglass devices was 0.00025 [27] , which is an order of magnitude lower than previously reported 0.005 for PDMS-glass devices [28] .
In this paper, two bonding strategies for sealing the fluidic networks that allow the device to be either fully glass or glass-PDMS are reported with both yielding nanochannel networks at cm-long length scales with ULAR nanochannels. A modified calcium assisted bonding approach [29] was used for sealing glass devices. The second bonding approach employs a PDMS adhesion layer spin-coated onto a borosilicate top cover with sealing performed through oxygen plasma bonding.
In this paper, fabrication of two different designs of ultra-low aspect ratio centimeter long channel networks that include integration between microscale and nanoscale fluidic networks are presented. The procedures presented allow for reliable fabrication of ULAR channel networks with integration between channels of various length scales as well as selection of bonding procedure to produce the desired configuration for a LoC device, while achieving some of the lowest aspect ratios reported till date. Therefore, the purpose of this paper is to demonstrate a broadly applicable fabrication scheme relying on conventional UV lithography, wet etching, and subsequent bonding to fabricate ULAR nanochannel networks in borosilicate glass substrates.
Experimental Procedures
Borosilicate substrates were used for fabrication of fluidic channel networks shown in Figure 1 (Fisher Scientific Borosilicate Cover Slips, 12-50 C). Substrates were de-greased using a standard solvent degrease process then immersed in a piranha solution (4:1 ratio of 96% sulfuric acid to 30% hydrogen peroxide) for 10 mins to remove organic and metallic contaminants from the surface. Note: The piranha solution is a strongly oxidizing agent and must be used with extreme caution. A 20 nm Cr adhesion layer followed by an inert 100 nm Au masking layer was applied to cleaned substrates using an e-beam evaporator (CHA Solution System E-Gun Evaporator). A two-step Au evaporation controlled surface defects in the masking layer, reducing pinhole defects in the final device [30] .
Standard UV lithography was used to pattern the microchannel portion of the integrated device (Design 1) and also to pattern the channel network in the purely nanoscale device (Design 2). Design 1 required a second UV lithography step to pattern interconnecting nanofluidic channels between the microchannels. As discussed below, fabrication parameters had to be adjusted in the second UV lithography step to prevent photoresist delamination and subsequent defect formation at the micronanochannel interface. A UV contact aligner (EV Group 620 Advanced Contact Aligner) and Shipley 1813 photoresist along with MF 319 developer were used in the photolithography process. Patterns were transferred to the substrate through wet etching using a 4:1 ratio of de-ionized (DI) water to 49% HF in the case of microchannels and a standard 10:1 buffered oxide etch for all nanochannels.
Channel networks were bonded using two different methods to yield either PDMS-glass devices or glass-glass devices forming the walls enclosing the nanochannels. Fluidic access ports were drilled into 1 mm thick glass covers using a diamond core drill bit. For PDMS-glass devices, uncured PDMS mixed with a standard 10:1 monomer to curing agent ratio was spun and cured onto the covers. Bonding between the borosilicate covers and the borosilicate substrates containing the fluidic networks was achieved through well-established oxygen plasma bonding [31] .
Glass-glass devices were achieved by using an interfacial bonding procedure using calcium-assisted bonding [29] . In order to obtain bonded nanochannel networks, patterned borosilicate substrates and glass covers were first cleaned with a piranha solution for 10 mins. The cleaned glass cover was then scrubbed with a 1% Alconox (Alconox, Inc.,) solution in DI water for 2 mins. The cover and patterned substrate were rinsed with a 0.5% calcium acetate/0.5% Alconox slurry. The two device components were then brought into contact, separated, and rinsed with DI water for 20 seconds. Next, the two glass slides (i.e., the one with the etched channel network and the second one with the cover holes drilled) were aligned and dehydrated under pressure at 60 C for 1 h. Devices were then inspected for defects where a defect was identified by the presence of Newton rings [32] . If defects were present i.e., an interference pattern was observed, the two glass slides were pulled apart, and then re-bonded. Once the temporary bonds with no visible defects were achieved, the device was fully dehydrated and irreversibly sealed under pressure at 115 C for 2 h. This procedure modifies previously reported calcium assisted bonding [29] by adding the piranha cleaning step. While the original report for fabrication of micron depth channels does not require aggressive cleaning for device bonding, it was found at the length scales reported here successful devices could not be fabricated without the piranha cleaning step suggesting the need for better surface property control for nanochannel networks.
For fabricated devices to be useful, the nanochannel networks must yield open channels with fluid transport. Operability of these channels was also verified. Successful fabrication of nanochannel 
networks was confirmed by a multitechnique analysis. Scanning electron microscopy (Zeiss Ultra 55 Plus FE-SEM) of device cross sections confirmed bonded dimensions along with atomic force microscopy (Asylum MFP-3D AFM) scanning to confirm depth of channels as etched. In addition, the SEM imaging showed open nanochannel cross sections suggesting clear pathways for fluid transport. Etch plots relating nanochannel depth to etching conditions have been reported previously [19] . Flow through the fabricated nanochannel networks was verified through fluidic transport of two types. Capillary filling was visualized through the entire channel network in glass-glass devices using isopropyl alcohol (IPA). Electrokinetic flow measurements in PDMS-glass devices were performed using 20 mM KCl solution along with a Keithley 6485 picoammeter to measure current flow through the channel network at applied voltages ranging from 10 V to 200 V. Figure 1 shows the schematic representation of the two channel networks. Design 1 incorporated both microscale and nanoscale channels. Two 3 cm long microchannels, with measured widths at 131 lm 6 1 lm and a measured depth of 8.0 lm 6 0.1 lm were connected by a bank of 0.5 cm long nanometer depth channels. The nanochannel array consisted of 3-6 nanochannels that were measured to be 33 lm 6 1 lm wide. The measured depth of the nanochannels ranged from 16.0 nm 6 0.1 nm to 227 nm 6 5 nm. Therefore, aspect ratio for the bonded devices ranged from 0.0075 for 227 nm channels down to 0.0005 for 16 nm channels compared to previous lowest report of 0.005 using PDMS-stamp and stick bonding [28] . Design 2 featured a completely nanochannel network. The channel network was a simple "Y" shaped network with a single 1 cm long, 100 lm channel measured to be $106 lm wide which split into two 1 cm long, 50 lm channels of nominal width measured to be $56 lm, each at a 60 deg angle from the centerline of the single-wide channel. In this case, the bonded devices had aspect ratios ranging from 0.0042 for the 446 nm deep nanochannel device down to 0.0008 for the 77 nm deep nanochannel device.
Results and Discussion
Control over lateral channel dimensions required use of a metal etching mask as the wet etch used for glass channels was performed using an isotropic etchant (see methods section for details). Previous reports show use of a metal mask for etching relatively deep (micron scale or larger) features to prevent defects caused by undercutting and photoresist delamination [30, [33] [34] [35] . During etching for deeper features, the HF-based etchants eventually attack the photoresist masking layer causing delamination. For hydrophilic substrates such as glass, the etchant can also wet the glass surface underneath the photoresist layer, causing delamination [34] . Inert metals such as Au are used to prevent feature defects caused by photoresist delamination when etching deep features [34] .
During the fabrication of nanochannel networks such as those reported here, it was found that the metal mask was required for precise control of the lateral dimension even when patterning sub-50 nm features with exposure times of 1 min or less suggesting aspect ratio dependence for wet etchants. Such dependence has been investigated for dry etching previously [36] . Figure 2 shows representative microscope images of a 77 nm deep channel fabricated with and without a metal mask. The lateral dimension of the channel was poorly controlled for the case where no metal mask was used. Figures 2(a) and 2(b) show distortion of the lateral channel dimension in the 50 lm and a 100 lm nominal width channel, respectively, with the defects marked in the figure. Figure 2(c) shows a microscope image of Design 2 where defects in the lateral dimension are not observed.
Despite relatively short etching times (5 mins or less) significant undercutting was observed in the case without the metal mask The channel widths of Design 2 were measured at 162 lm for the nominal dimension of 100 lm without the metal mask as compared to 106 lm with the metal mask for a 77 nm deep nanochannel network indicating a metal mask was necessary for desired control over the feature geometry.
Lithography Modification. Initial fabrication of the micronanochannel network (Design 1) resulted in delamination of the photoresist film between the nanochannels at the micronanochannel interface. Figure 3 shows a schematic representation of the ideal channel network fabrication (Fig. 3(a) ) as well as fabrication that resulted in ridge formation at the micronanochannel interface (Fig. 3(b) ). Photoresist delamination can be problematic when dealing with nonplanar surfaces as differences in the topography of the surface lead to nonuniform or uneven coating of the photoresist layer. The nonuniform substrate can lead to thin regions and/or photoresist pile-up during spinning depending on the surface being patterned. Thin regions are susceptible to photoresist delamination or over-exposure resulting in a clearing dose in an undesired area. Figure 3(b) shows a schematic representation of uneven photoresist coverage for the microchannels in Design 1. The uneven photoresist layer led to complete development of the region at the micronanochannel interface leading to all of the nanochannels being connected by a ridge of the same depth as the nanochannels. In the past, while dealing with nonplanar geometries requiring step-wise lithography for other features, several other approaches have been developed [37] [38] [39] . Here, a multistep photoresist spin was developed to allow for easy integration of existing process steps with the ability to pattern nonplanar surfaces. A slow spin step ($60 rpm) allowed the photoresist to fully fill the patterned microchannels leading to a planar surface for subsequent photolithography; thus, eliminating the nanoscale fluidic connection between subsequent nanochannels (Fig. 4) . Additional details on the use of slow spin speeds for patterning nonplanar surfaces have been reported previously [21] .
Device Bonding. It should be noted that while either bonding scheme can be used for each of the two designs, in the discussions to follow, Design 1 for PDMS-glass device discussions and Fig. 3 (a) A flow chart of channel network fabrication for Design 1. Briefly, a metal etch mask was applied to a piranha cleaned borosilicate substrate. UV lithography was used to pattern microchannel features. UV lithography with a modified spin process was used to create nanochannel pattern. (b) A schematic representation of the defect formed at the micronanochannel interface using standard UV lithography without a modified spin process. The photoresist did not fully fill the microchannel, leading to delamination at the micronanochannel interface. The nanochannels were fluidically connected by a ridge of the same depth as the nanochannels. Figure 4(a) shows the nanoscale defect caused by photoresist delamination resulting in fluidically connected nanochannels. The ridge connecting the channels was the same depth as the channel itself [21] . Figure 4 (b) shows a device fabricated using the modified spin procedure, resulting in elimination of the defect.
glass-glass devices for Design 2 discussions for illustrative purposes are described. Table 1 summarizes aspect ratios achieved using each bonding scheme.
PDMS-Glass Bonding. For PDMS-glass devices, a PDMS adhesion layer was spin-coated onto a borosilicate cover with predrilled fluidic access ports. The thickness of the PDMS depends on the spin speed where a higher spin speed results in a thinner film [40] . The main limitation of this bonding approach is the uniformity of the PDMS layer. Glass covers were plasma treated at 200 W at a chamber pressure of 105 mTorr for 3 mins before spin coating. Due to the spin process and the degradation of the plasma treatment with time, nonuniformities in the PDMS layer can arise leading to leaking due to missing portions of the film or to device failure [19] . Spin speeds ranging from 1000 rpm to 6000 rpm were tested. The maximum spin speed that allowed a continuous, uniform, and defect-free film was 1500 rpm while further reducing the spin speed to 1000 rpm increased device bonding yield from approximately 20% to approximately 65%. The lowest aspect ratio achieved was 0.0005 as summarized in Table 1 . Spin speeds higher than 1500 rpm yielded unreliable PDMS thin films with bonded devices yields well below $10%. Therefore, spin speeds beyond 1500 rpm were not considered further. Figure 5 shows a representative cross section image of a PDMS-glass based device showing the channel was fully sealed. From the cross section image, the PDMS layer in the bonded device was measured to be $ 2 lm for a 1000 rpm spin.
Additional confirmation of device operation was performed through I-V (current-voltage) measurements for bonded devices. Glass-Glass Bonding. Glass-glass bonding results in a chemically uniform surface enclosing the nanochannels. The lowest aspect ratio achieved in a glass-glass sample was 0.0008. Since the device components could be separated and re-bonded, if defects were observed in the bond at the intermediate bonding stage, successful device yield was nearly 100% for aspect ratios reported. Figure 6 shows a cross section image of a 77 nm deep glass-glass nanofluidic channel. The cracks seen in the image arise due to cutting the glass slides for sample preparation for SEM imaging and are not present in the full-scale device used for flow testing (Figure 7) .
The cross section image shows that after bonding the channel depth varies from 62 to 77 nm at different locations along the channel width; however, it is known that the action of cutting glass to measure nanochannel depths can alter the edge profile leading to a variable cross section image [28] . Therefore, a more reliable measurement for channel depth is the AFM trench depth and then channel operation verification by a flow measurement. Fig. 5 An SEM image of a 227 nm deep 33 lm wide nanochannel bonded using a 2 lm thick PDMS adhesive layer [19] . The inset shows a zoomed in image of the channel cross section. Fig. 6 A plot of measured current as a function of applied voltage for a 22 nm PDMS-glass device. A linear trend was observed suggesting that the in the voltage range tested the nanochannel permits ions to move across and is evidence for electrokinetic transport through nanochannels.
Further confirmation of device operation was performed through capillary filling experiments of all glass channel networks. Figure 8 shows a representative condition for isopropyl alcohol in 77 nm, 242 nm, and 446 nm deep nanochannels respectively.
Conclusions
Two different nanochannel network designs in borosilicate substrates were fabricated using standard UV lithography followed by wet etching to yield centimeter long nanochannels. Two different bonding approaches were employed allowing for glass-glass bonding resulting in a chemically uniform channel surface or glass-PDMS adhesive bonding with less sensitivity to surface defects. The fabrication schemes presented allow for selection of device fabrication techniques depending on desired application for a lab on a chip device providing a facile set of tools to develop ULAR nanochannel networks in glass substrates. Fig. 7 A cross section image of a 56 lm wide and 77 nm deep nanofluidic channel bonded using calcium assisted bonding. The channel height varies at different points in the channel from 62 to 77 nm, presumably due to cutting the nanochannels for imaging [28] . Fig. 8 Microscope images of nanochannels of various depths filling with isopropyl alcohol in a capillary fill. Lines denoting the channel walls have been added to the image of the 77 nm deep channel for visual clarity.
